We investigated the effects of a high-fat (HF) diet and peroxisome proliferator-activated receptor (PPAR)-a activation on the intrarenal lipotoxicity associated with the renin-angiotensin system (RAS) and oxidative stress using spontaneously hypertensive (SHR) rats. Male SHR and Wistar-Kyoto (WKY) rats at 8 weeks of age were fed either a normal-fat diet or an HF diet without or with fenofibrate treatment for 12 weeks. Severe intrarenal lipid accumulation was noted in the SHR rats fed an HF diet than in WYK rats fed an HF diet (Po0.05). This lipid accumulation was associated with a 70% decrease in renal PPARa expression in SHR rats, whereas an HF diet increased the expression of PPARa in WKY rats by threefold. An HF diet also activated intrarenal, not systemic, RAS and induced oxidative stress associated with reduced nitric oxide (NO) bioavailability. By contrast, fenofibrate attenuated weight gain, fat mass and insulin resistance. Fenofibrate recovered HF diet-induced decreases in intrarenal PPARa expression and fat accumulation, and abolished intrarenal RAS activation and oxidative stress in SHR-HF animals (Po0.01). These activities conferred protection against increased blood pressure (BP), glomerulosclerosis and renal inflammation. Keywords: obesity; oxidative stress; PPARa; renal inflammation; renin-angiotensin system INTRODUCTION Currently, the prevalence of hypertension and chronic renal disease continues to increase among obese individuals. 1,2 It has been suggested that the development and progression of hypertension in an obese patient induces the activation of the systemic renin-angiotensin system (RAS) and the sympathetic nervous system. 3, 4 In addition, it increases asymmetric dimethylarginine concentrations and vascular tone created by the reduced bioavailability of nitric oxide (NO) owing to increased oxidative stress. 5, 6 Recent reports have demonstrated that it is not the systemic but the local (tissue specific) RAS activation that causes hypertension and renal damage 7-9 associated with local oxidative stress. [10] [11] [12] It has been shown that oxidative stress in kidneys of diabetic animals, measured by the electron spin resonance imaging technique, 10 high-performance liquid chromatography 13 and immunohistochemistry, 14 can be ameliorated by RAS inhibition.
INTRODUCTION
Currently, the prevalence of hypertension and chronic renal disease continues to increase among obese individuals. 1, 2 It has been suggested that the development and progression of hypertension in an obese patient induces the activation of the systemic renin-angiotensin system (RAS) and the sympathetic nervous system. 3, 4 In addition, it increases asymmetric dimethylarginine concentrations and vascular tone created by the reduced bioavailability of nitric oxide (NO) owing to increased oxidative stress. 5, 6 Recent reports have demonstrated that it is not the systemic but the local (tissue specific) RAS activation that causes hypertension and renal damage [7] [8] [9] associated with local oxidative stress. [10] [11] [12] It has been shown that oxidative stress in kidneys of diabetic animals, measured by the electron spin resonance imaging technique, 10 high-performance liquid chromatography 13 and immunohistochemistry, 14 can be ameliorated by RAS inhibition.
The local accumulation of lipids, lipotoxicity, may cause an excess of lipids in the form of triglycerides (TGs) or free fatty acids (FFAs) that affect non-adipose tissues and lead to cell dysfunction or death. 8, 15 Several studies have demonstrated that lipotoxicity is associated with the direct toxic effects of fatty acids or the products of their metabolites, with adenosine triphosphate deficiency, fatty acid-induced apoptosis and increased production of reactive oxygen species. 15 In kidneys, lipid accumulation with lipotoxicity may explain the insidious fibrosis and cellular decay that is characteristic of nephropathy in the metabolic syndrome.
Peroxisome proliferator-activated receptor (PPAR)-a, a subfamily of the nuclear receptor transcriptional factors, is involved in almost all aspects of lipid metabolism, including uptake, binding and oxidation of fatty acids, lipoprotein assembly and lipid transport. 16, 17 Furthermore, it has been implicated in vascular inflammation and blood pressure (BP) regulation by nuclear factor-kB, transforming growth factor (TGF)-b/Smad and mitogen-activated protein kinase pathways, 18, 19 and by angiotensin II (AT-II)-induced oxidative stress. 20 In kidneys, PPARa expression, often seen in proximal tubules and thick ascending limb, could contribute to a dietary lipid-induced gene expression of peroxisomes and mitochondrial b-oxidation proteins in these segments. 21, 22 Fenofibrate, a specific PPARa ligand, participates in the AT-II-dependent BP regulation associated with antagonizing AT-II effects by attenuating angiotensin type 1-mediated but enhancing angiotensin type 2-mediated hemodynamic effects. It does so through NO production, oxidative stress and cytochrome P450-derived eicosanoids in the kidney. 23, 24 Therefore, in this study, we investigated the role of fenofibrate on renal lipotoxicity associated with hypertension and renal inflammation using spontaneously hypertensive (SHR) rats fed a high-fat (HF) diet.
METHODS

Experimental methods
The Animal Care Committee of the Catholic University of Korea approved the experimental protocol. Seven-week-old male SHR (SLC, Nakaizu, Japan) and Wistar-Kyoto (WKY) rats were used for all experiments. After 1 week of acclimation, 8-week-old rats were fed either a normal-fat (NF) (WKY-NF and SHR-NF, n¼6) or an HF diet (WKY-HF and SHR-HF, n¼8) and drank water ad libitum for 12 weeks. The NF diet (Samyang, Wonju, Korea) consisted of 0.23% NaCl, 16% kcal fat, 58% kcal carbohydrate and 26% kcal protein, with 25 g% of soybean. The HF diet (no. 12451 Research Diet, New Brunswick, NJ, USA) consisted of 0.23% NaCl, 45% kcal fat, 35% kcal carbohydrate and 20% kcal protein, with 25 g% of soybean. There were no differences in the concentration of K + and Na + between the NF and HF diets. In addition, the SHR-HF rats were treated with fenofibrate (SHR-HF feno; 20 mg kg À1 day À1 in the chow, n¼8) from 8 weeks of age for 12 weeks. For measurement of 24-h urinary and creatinine clearance, rats were placed in individual rat metabolic cages (Tecniplast, Gazzada, Italy). Rat body weight and systolic BP (SBP) were measured every 4 weeks. BP was assessed by a noninvasive tail-cuff system (IITC Life Science, Woodland Hills, CA, USA) in conscious rats. Intraperitoneal glucose tolerance and glycated hemoglobin (HbA 1c ) were measured at the end of the study. After 12 weeks, kidneys were rapidly dissected and stored in buffered formalin (10%) for subsequent immunohistochemical analyses.
Measurement of serum and urine parameters
All blood samples were obtained after a 6-h fast. Blood glucose was measured by an Accu-check meter (Roche Diagnostics, St Louis, MO, USA). HbA 1c (Bayer Healthcare LLC, Indianapolis, IN, USA), serum total cholesterol, TG, high-density lipoprotein-cholesterol, low-density lipoprotein-cholesterol, FFA and insulin concentrations (Wako, Osaka, Japan) were measured by autoanalyzers. The homeostasis model assessment for insulin resistance index was calculated as follows: fasting glucose (mmol l À1 ) Â fasting insulin (mU l À1 )/ 22.5. 22 Plasma renin activity (Renin-RIA BEAD, SRL, Tokyo, Japan) and serum (Diagnostic Systems Laboratories, Webster, TX, USA) and 24-h urine (Cayman Chemical, Ann Arbor, MI, USA) aldosterone levels were measured using an RIA kit.
Assessment of renal function and renal oxidative stress
The 24-h urinary protein excretion was measured by immunoassay (Bayer, Elkhart, IN, USA). At week 12, plasma creatinine concentrations were measured using an autoanalyzer (Beckman Instruments, Fullerton, CA, USA). Plasma and urinary sodium, potassium and osmolarity were measured by the ADVIA 1650 System (Bayer, Tarytown, NY, USA). Transtubular potassium gradient (TTKG) was calculated as follows: TTKG¼urinary potassium/(plasma osmolarity/urinary osmolarity)/plasma potassium. To evaluate oxidative stress, we measured 24-h urinary 8-hydroxy-deoxyguanosine (8-OH-dG; OXIS Health Products, Portland, OR, USA) and 8-epi-PGF 2a (Northwest Life Science Specialties, Vancouver, WA, USA). Serum and total urinary NO 3 À + NO 2 À excretion (NOx) were quantified using the Nitric Oxide Assay Kit (BioVision, Mountain View, CA, USA).
Measurement of kidney lipids, AT II and PPARa
Kidney lipids were extracted using the method of Bligh and Dyer with slight modifications, as previously described (Waco, Osaka, Japan). 22, 25 The AT-II concentration in the kidneys was measured using a commercial ELISA kit (SPI-BIO, Bretonneux, France), with the lower detection limit of 0.5-1.5 pg ml À1 , as previously described. 26 We also performed western blot analysis of PPARa in the kidney using anti-PPARa (1:1000; provided by Dr Akita Sugawara, Department of Medicine, Tokuhu University, Japan).
Light microscope study
Kidney samples were collected after a systemic perfusion with phosphatebuffered saline; they were then fixed in 4% paraformaldehyde. The mesangial matrix and glomerular tuft areas were quantified for each glomerular crosssection as previously reported. 21, 22 More than 30 glomeruli, cut through the vascular pole, were counted per kidney, and the average of measured areas was used for analysis. 
RNA extraction and quantitative real-time PCR
Total RNA was extracted from the kidneys of all rats with RNA-Bee (TEL-TEST, Texas, TX, USA). cDNA was synthesized from 2 mg of total RNA using the AccuPower Cycle Script (dN6) (Bioneer, Daejeon, Korea). The mRNA level of genes involved in RAS activation was measured by quantitative real-time PCR using a cDNA template and appropriate primers (Table 1) . Quantitative realtime PCR was performed using the IQ5 Real-Time PCR detection System and IQ TM SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA). Relative levels of all PCR products were determined after normalization to an endogenous 18S rRNA control.
Statistical analyses
Data are expressed as means±s.d. The differences between the groups were examined for statistical significance using two-way analysis of variance with Bonferroni's correction (SPSS 11.5, Chicago, IL, USA). Non-normally distributed data were analyzed with the nonparametric unpaired Mann-Whitney test. Correlation coefficients were calculated using Spearman's rank-order test. A Po0.05 was considered as a statistically significant difference.
RESULTS
Body and peri-epididymal fat weight
Both WKY rats and SHR rats on the HF diet were heavier than those on an NF diet after 4 weeks of treatment. These weight gains were maintained until the end of the study ( Figure 1a ). The peri-epididymal fat of WKY-HF and SHR-HF rats (5.9 ± 1.0 and 5.4 ± 1.0 g, respectively) was also heavier than that of the WKY-NF and SHR-NF rats (3.9±0.3 and 2.5 ± 0.2 g, respectively; Po0.05 and 0.01, respectively; Table 2 ). There was no difference in kidney/body weight ratios among all three groups. However, the SHR-HF feno rats showed significant decreases in body and peri-epididymal fat weights (2.2 ± 0.3 g) compared with the other groups during the entire experimental period (Po0.001). Less food intake was observed in SHR-HF and SHR-HF feno animals, compared with the rats on the NF diet (Po0.05); however, no difference in food intake was observed between these two groups.
Systolic BP
As expected, the SBP of the SHR-NF and SHR-HF rats was higher throughout the entire experimental period compared with that of WKY-NF and WKY-HF rats (Po0.01 and 0.001, respectively; Figure 1b ). At the end of the experiment, the SBP of WKY-NF and WKY-HF rats, as well as that of SHR-NF and SHR-HF animals, was 104.1±7.0, 121.4±9.7, 170.9±17.9 and 220.8±19.0 mm Hg, respectively. SBP tended to be higher in WKY-HF rats, but this difference was not statistically significant. However, the SBP of the SHR-HF animals was significantly higher than that of the SHR-NF group at 12 weeks. Interestingly, the elevated SBP decreased to the level of the SHR-HF group in the SHR-HF feno animals (171.3 ± 7.2 mm Hg). Plasma HbA 1c , insulin concentrations, homeostasis model assessment for insulin resistance index and intraperitoneal glucose tolerance test There were no statistically significant differences in HbA 1c , insulin concentrations and homeostasis model assessment for insulin resistance among the study groups. However, the insulin concentration and homeostasis model assessment for insulin resistance of the SHR-HF group were higher compared with those of the SHR-NF group (Table 2) . Interestingly, for intraperitoneal glucose tolerance test, the SHR-HF group showed dramatically increased blood glucose levels from 30 to 120 min (Po0.01; Figure 2 ). These increases were significantly decreased in the SHR-HF feno group from 60 to 120 min (Po0.001, Figure 2 ). HbA 1c was significantly decreased in the SHR-HF feno animals (Po0.05).
Serum adiponectin, serum and intrarenal lipid concentrations and lipid staining in the kidney There were no differences in serum total cholesterol, low-density lipoprotein-cholesterol, TG and adiponectin concentrations among all groups ( Table 2 ). The high-density lipoprotein-cholesterol levels in SHR-HF rats had the lowest values among all groups (Po0.01). The FFA levels in the SHR-HF group were higher than those of the other groups (Po0.01). Fenofibrate treatment significantly decreased FFA and increased serum high-density lipoprotein-cholesterol and adiponectin concentrations in the SHR-HF feno group (Po0.001). Direct measurement of the lipid contents in the kidney showed that the renal concentrations of TG and FFA were increased in WKY-HF rats on an HF diet (Po0.05, respectively, Figures 3a and b) . Interestingly, a greater lipid accumulation was observed in the SHR-HF group than in WKY-HF rats (Po0.05). Of great interest, increases in TG and FFA levels in the kidneys returned to normal in the SHR-HF feno group (Po0.01).
Protein and mRNA expressions of PPARa in the kidney
To evaluate the direct relationship between HF diet-induced lipotoxicity and PPARa expression, we measured the protein and mRNA levels of PPARa in the kidneys. Despite the gains in body weight and fat mass in the WKY-HF rats and in the SHR-HF group, the expression of PPARa in kidneys was increased in the WKY-HF group by threefold compared with that in WKY-NF rats. By contrast, the enhanced PPARa expression in SHR-NF rats was markedly decreased in the SHR-HF group by about 70% (Figure 4 ). Of great interest was the observation that fenofibrate treatment completely restored the suppressed protein and mRNA levels of PPARa in the kidneys to the levels of those of SHR-NF animals.
Plasma renin activity, aldosterone, urine and renal functional parameters There were no differences in serum creatinine, PRA or serum aldosterone levels among the groups (Table 3) . However, 24-h urinary protein excretion was increased in the SHR-HF group compared with that in other groups (Po0.05). The SHR-HF group had the lowest 24-h urinary Na + concentration and the highest TTKG level among all groups (Table 3) . Interestingly, fenofibrate treatment in SHR-HF animals demonstrated a normalization of 24-h urinary protein, Na + concentration and TTKG level ( Table 3) .
Expression of renin and AT-II
The HF diet was associated with an increase in the number and intensity of renin-expressing cells in the juxtaglomerular area of the kidneys ( Figure 5 ). In the kidneys of SHR-HF animals, immunoreactivity for AT-II and renal tissue AT-II concentration were significantly increased ( Figure 5 , Po0.01). By contrast, no such change was observed in WKY-HF rats. For the SHR-HF group, treatment with fenofibrate significantly lowered urinary aldosterone, immunoreactivity for renin and AT-II, and tissue AT-II levels (Po0.01).
Quantification of mRNA expression of renin, angiotensinogen and angiotensin-converting enzyme As shown in Figure 5 , renin, angiotensin and angiotensin-converting enzyme mRNA expressions in SHR-HF rats were increased by 1.5-, 2.1-and 3.7-fold compared with those in the SHR-NF group after normalization to 18S rRNA expression. However, no such changes Figure 5 Immunohistochemical staining for renin in the renal cortical glomeruli and for angiotensin II in the cortex in the Wistar-Kyoto (WKY) and spontaneously hypertensive (SHR) groups with a normal-fat diet (WKY-NF and SHR-NF) (a and g, c and i, respectively) or a high-fat (HF) diet without treatment (WKY-HF, SHR-HF, respectively) (b and h, d and j, respectively) or with fenofibrate (SHR-HF feno) treatment (e and k). Representative immunostains for renin (a-e, magnification, Â400) and angiotensin II (g-k, magnification, Â200).
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Quantitative assessment of renin (f) and angiotensin II (l) immunoreactivity in the WKY and SHR groups with a normal-fat (WKY-NF and SHR-NF) or an HF diet treated without (WKY-HF and SHR-HF) or with fenofibrate (SHR-HF feno). (m)
Kidney angiotensin II concentration in the study groups. The renin/18s RNA (n), angiotensin/18s RNA (o) and angiotensin-converting enzyme (ACE)/18S rRNA (p) ratios were determined by real-time PCR in whole kidneys in the WKY and SHR groups with an NF diet (WKY-NF and SHR-NF) or an HF diet without treatment (WKY-HF and SHR-HF) or with fenofibrate treatment (SHR-HF feno). The increase factor is expressed in comparison with that in the WKY-NF group. *Po0.05 and **Po0.01 vs. the other groups. A full color version of this figure is available at the Hypertension Research journal online. were observed between the rats in the WKY-NF and WKY-HF groups. These increases were significantly smaller in the SHR-HF feno group. Combined with the immunostaining results of renin and AT-II and tissue AT-II, these data indicated that intrarenal RAS activation in the kidneys of SHR-HF rats was ameliorated by fenofibrate ( Figure 5 ).
Expression of TGF-b1, osteopontin, ED-1, TUNEL and renal histology
Glomeruli from WKY-HF, SHR-NF and SHR-HF rats exhibited increased fractional mesangial areas compared with those from WKY-NF rats (Table 4, Figure 6 ). Immunohistochemical analysis demonstrated that the kidneys from WKY-HF and SHR-HF rats Figure 6 Representative pictures for the glomerulus in the kidneys (a-e, PAS) to assess glomerular expansion and sclerosis, and immunohistochemical staining for transforming growth factor (TGF)-b1 (f-j), osteopontin (k-o), ED-1 (p-t) and TUNEL (TdT-mediated dUTP nick end labeling; u-y, magnification, Â200) in the renal cortical tissue in the WKY and SHR groups with a normal-fat diet (WKY-NF; a, f, k, p and u, SHR-NF; c, h, m, r and v) or a high-fat diet without treatment (WKY-HF; b, g, l, q and w, SHR-HF; d, i, n, s and x) or with fenofibrate (SHR-HF feno; e, j, o, t and y). A full color version of this figure is available at the Hypertension Research journal online.
contained more TGF-b1 compared with those from WKY-NF and SHR-NF rats (Po0.05). The expansion of the mesangial area along with TGF-b1 expression was noted in SHR-HF animals (Po0.01).
There was an increase in the expression of osteopontin in the glomeruli and interstitium of the cortex of the rats fed with an HF diet compared with that in the rats fed an NF diet (Po0.05 and Po0.01, respectively). The expression of osteopontin in the renal cortex was more pronounced in the SHR-HF group (Po0.01). The number of ED-1-positive cells was two-to threefold higher in the intra-and peri-glomerular areas of the SHR-HF group compared with that in the other groups (Po0.01). The number of apoptotic cells (TUNEL) in the glomerulus of the SHR-HF group was increased compared with that in the other groups (Po0.001). We also found that fenofibrate significantly reduced glomerular expansion, TGF-b1 expression in the glomerulus, osteopontin expression in the glomerulus and tubule, and TUNEL and ED-1-positive cells in the SHR-HF feno group.
Urinary levels and renal expression of 8-OH-dG, urinary levels of 8-epi-PGF 2a and serum and urinary levels of NOx There were no differences in urinary 8-OH-dG or 8-epi-PGF 2a levels between the SHR-NF group and the WKY-NF and WKY-HF rats.
However, there were significant increases in glomerular 8-OH-dGpositive cells and 24-h urinary 8-OH-dG and 8-epi-PGF 2a in SHR-HF animals ( Figures 7 and 8 ). This increased expression of 8-OH-dG in the glomerulus and elevated urinary concentrations of 8-OH-dG and 8-epi-PGF 2a were significantly reduced in the SHR-HF feno group compared with those in the control SHR-HF group (Po0.01 and Po0.001, respectively). As shown in Figure 8 , serum and urinary NOx concentrations were decreased in SHR-HF rats compared with those in SHR-NF rats. By contrast, these changes were not observed in the WKY-HF group. In the SHF-HF feno group, serum and urinary NOx concentrations were significantly increased with fenofibrate treatment (Po0.01).
Systolic BP and intrarenal biochemical characteristics
As shown in Figure 9 , intrarenal FFA and TG correlated positively with intrarenal AT II (g¼0. Figure 7 To determine oxidative stress in the kidneys, we measured 8-hydroxy-deoxyguanosine ( However, 24-h urinary 8-OH-dG levels showed no correlation with intrarenal AT-II levels (data not shown).
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DISCUSSION
We evaluated the role of fenofibrate in renal lipotoxicity by using an HF diet in genetically modified hypertensive SHR rats. This study clearly demonstrated that the elevated PPARa expression in SHR control animals was markedly decreased in SHR-HF rats fed an HF diet, whereas the decreased renal expression of PPARa in WKY rats was significantly increased in WKY-HF animals. These changes seem to be related to increased intrarenal TG and FFA accumulation. More severe structural changes (glomerulosclerosis and inflammation) and functional changes (hypertension and sodium retention) were noted in the SHR-HF group compared with that in other rats. Consistent with the changes in PPARa and intrarenal lipid accumulation, RAS activation and oxidative stress associated with reduced NO bioavailability were more prominent in the SHR-HF group. However, no such differences were found between WKY-NF and WKY-HF rats. By contrast, fenofibrate decreased diet-induced gains of body weight, fat mass and systemic BP, improved insulin resistance and increased serum adiponectin concentrations in the SHR-HF group. Fenofibrate treatment in the SHR-HF group normalized intrarenal FFA and TG accumulation to the level of that of SHR-NF animals; this was associated with a normalization of the PPARa expression in kidneys. Fenofibrate also exerted antihypertensive, anti-inflammatory and antifibrotic effects on the kidney in SHR-HF animals, and these benefits resulted from the prevention of lipotoxicity. Several studies using an HF diet in SHR rats have addressed the question of whether this diet increases BP. [27] [28] [29] Twenty-four hours radiotelemetry measurements by Sevoda et al. 28 found an increase in poststress BP and under unstressed active conditions during the dark night phase after 12 weeks of an HF diet. They concluded that dietary obesity promotes the development of nocturnal hypertension. Another study using male Sprague-Dawley rats fed an HF diet for 10 weeks, also using the tail-cuff method, also showed significantly higher SBP owing to the downregulation of CYP4A and CYP2C23-derived eicosanoid synthesis in the tubules. 29 Consistent with these findings, we also found that an HF diet could increase BP in SHR rats.
Despite the comparatively small amount of food intake by these rats, there was more prominent intrarenal TG and FFA accumulation in the SHR-HF group compared with that in WKY-HF rats. To elucidate these discrepancies, we focused on the changes of PPARa in kidneys; PPARa regulates the balance between energy production and utilization by regulating the expression of genes involved in fatty acid b-oxidation. 16 PPARa is also well known as a determinant of the development of hypertension and renal damage, especially in AT-II-induced hypertensive rats. 21, 23, 24, 30 Induction of the renal expression of CYP4A enzymes in the kidney using fibrate compounds has been reported to lower BP in SHR, stroke-prone SHR and Dahl salt-sensitive rats. 31, 32 We found the inverse pattern of PPARa expression in kidneys of WKY-HF rats compared with that in SHR-HF animals. It is well known that despite severe hypertension, SHR rats are relatively resistant to renal injury. Markedly increased renal PPARa expression in the SHR might have a protective role against hypertensive renal injury. In SHR-HF animals, fenofibrate activated the HF diet-induced suppression of PPARa expression and reversed hypertension and renal damage. These findings suggest that PPARa activation might have a direct role in diet-induced hypertension and renal damage in SHR rats.
Recently, local RAS, rather than systemic RAS, has been proposed to be a more important factor involved in the tissue damage that occurs with obesity or metabolic syndrome. 7, 33, 34 In the case of diabetes mellitus, renal RAS is activated despite the suppression of circulating RAS. 7 In addition, angiotensin-converting enzyme activity has been shown to be increased in the renal tissues of mice fed an HF diet. 33 In our study, there were no differences in PRA and serum aldosterone concentrations in rats fed an HF diet compared with those in rats fed an NF diet. However, sodium retention and kaliuresis reflecting intrarenal RAS activity were remarkable in the SHR-HF group; these findings are consistent with a previous study by Granger et al. 34 The levels of AT-II and the expression of protein and mRNA levels of RAS in renal tissues were significantly increased in the SHR-HF animals, and these levels were normalized by fenofibrate. Furthermore, PPARa content in the kidney was negatively correlated with intrarenal AT-II concentrations. Thus, our results suggest that an HF diet-induced intrarenal RAS activation was associated with renal PPARa activity.
The deleterious effect of lipotoxicity has been documented in multiple studies that established an association with obesity-related renal damage. [35] [36] [37] [38] [39] In this study, we found excessive abnormal lipid accumulation in the renal tissue of SHR-HF animals compared with that in WKY-HF groups, which was related to increases in the mesangial matrix, TGF-b1 expression, apoptotic glomerular cells and the infiltration of inflammatory cells into kidneys. These findings are consistent with those of previous studies showing that lipid accumulation in kidneys promotes glomerulosclerosis through the low-density lipoprotein-receptor in mesangial cells, through macrophage chemotaxis, increased production of fibrotic cytokines and direct podocyte injury through oxidative stress. [40] [41] [42] [43] [44] These relationships are also supported by our finding that more lipid accumulated in the kidneys of SHR-HF rats than in those of WKY-HF rats, and they had more severe glomerulosclerosis and inflammatory cell infiltration. Oxidative stress is both a cause and a consequence of hypertension and constitutes an additional stimulus for sodium retention in kidneys. It is also strongly correlated with intrarenal RAS activation in models of salt-sensitive hypertension and SHR. 45 In addition, reactive oxygen species-associated augmentation of intrarenal angiotensinogen has an important part in the renal injury of genetically saltsensitive hypertensive animals and in diabetes in Zucker diabetic fat obese rats, as well as in patients with immunoglobulin A nephropathy. Previously, we found that PPARa activity in kidneys was inversely correlated with lipid accumulation and oxidative stress in type 1 and 2 diabetic animals. 21, 22 In this study, we found that oxidative stress, as reflected by glomerular and 24-h urinary 8-OH-dG and 8-epi-PGF 2a levels, was closely related to intrarenal TG and FFA contents. Interestingly, fenofibrate treatment significantly improved reduced systemic and intrarenal bioavailability of NO and completely reversed the oxidative stress and inflammation in kidneys induced by the HF diet.
There is accumulating evidence that PPARa activation is an effective therapy for obesity-related insulin resistance associated with lipid abnormalities. 43 Consistent with previous findings, in this study, fenofibrate improved insulin resistance, dyslipidemia (such as decreased serum FFA and increased high-density lipoprotein-cholesterol) and adiponectin concentrations in SHR-HF animals. Adiponectin has been proposed to act as an antihypertensive adipokine by suppressing glucogenesis and stimulating fatty acid oxidation in the liver and muscle by activating the AMP kinase-PPARa pathway. 46 Consequently, hypoadiponectinemia causes endothelial dysfunction and activation of the inflammatory cascade, all of which are involved in the pathogenesis of hypertension. 47 Therefore, it seems plausible that fenofibrate exhibits antihypertensive and renoprotective effects through, at least in part, its effect on improving dyslipidemia and increasing serum adiponectin levels.
In conclusion, PPARa deficiency in the HF diet-induced obesity in genetic hypertensive SHR rats was associated with an increase in lipotoxicity in kidneys. Consequently, renal lipotoxicity probably contributed to the aggravation of BP and pathological changes by intrarenal RAS activation and oxidative stress. Activation of PPARa with fenofibrate may effectively prevent obesity-induced lipotoxicity, hypertension and renal damage. 
